Enterococci are important human commensals and significant opportunistic pathogens 2 6 associated with endocarditis, urinary tract infections, wound and surgical site infections, and 2 7 medical device associated infections. These infections often become chronic upon the 2 8 formation of biofilm. The biofilm matrix establishes properties that distinguish this state from 2 9 free-living bacterial cells and increase tolerance to antimicrobial interventions. The metabolic 3 0 versatility of the Enterococci is reflected in the diversity and complexity of environments and 3 1 communities in which they thrive. Understanding metabolic factors governing colonization 3 2 and persistence in different host niches can reveal factors influencing the transition from 3 3 commensal to opportunistic pathogen. Here, we report a new form of iron-dependent 3 4 metabolism for Enterococcus faecalis where, in the absence of heme, respiration components 3 5 can be utilised for extracellular electron transfer (EET). Iron augments E. faecalis biofilm 3 6
Iron-induced Enterococcus faecalis growth is biofilm specific and iron availability
1 4 0 impacts the metallome. To determine if redox-active metals other than iron could also 1 4 1 augment E. faecalis biofilm formation, we performed biofilm assays with quantification via 1 4 2 crystal violet (CV) staining in microtitre plate format to increase throughput (31). In all 1 4 3 biofilm assays we included abiotic media controls with metals supplemented to monitor metal 1 4 4 precipitation and found that no metals fell out of solution at the concentrations tested in these 1 4 5 assays (see Material and Methods -Biofilm Assays, Fig S1) . Consistent with E. faecalis 1 4 6 biofilm augmentation observed when grown in flow cells with 0.2 mM FeCl 3 supplemented 1 4 7 ( Fig. 1a,b) , FeCl 3 enriched medium facilitated enhanced E. faecalis biofilm growth over time 1 4 8 (0 to 120 hr) compared to the normal medium (Fig. 3a) . The biofilm increased significantly in 1 4 9 response to increasing FeCl 3 supplementation with 0.5 to 2 mM providing the optimal 1 5 0 concentration range in this assay. Above these concentrations, growth was also enhanced but 1 5 1 not as significantly compared to the non-supplemented control. We next investigated the 1 5 2 capacity of different metal species for enhanced E. faecalis biofilm accumulation and found 1 5 3 1 7 0 concentration was coincident with a decrease in intracellular cobalt and zinc when E. faecalis 1 7 1 was grown in iron-supplemented medium. Together, this data suggested that iron was 1 7 2 substituting for other metals in the supplemented medium and that the substitution was likely 1 7 3 to be functionally balanced. Iron, cobalt, and zinc are transition metals that can function as interchangeable ions and can compete with iron for binding to metalloproteins (33). We intracellular iron was important for iron-enhanced biofilm growth. We selected 21 mutants of 1 7 7 uncharacterized E. faecalis membrane transport or regulation systems, with homology to 1 7 8 1 1 previously characterized metal-associated proteins in other bacteria, from a sequenced 1 7 9 mariner transposon library and measured intracellular metal content by ICP-MS (Table S2 , 1 8 0 S3, S4) (34). These mutants did not have significant changes in intracellular iron 1 8 1 concentration in the normal or supplemented medium, with only cobalt and zinc displaying 1 8 2 significant changes in some of the mutants and only in the normal medium (Table S2) . Because bacterial iron transport systems are generally expressed under iron limitation, we 1 8 4 tested these mutants in an iron chelated medium where E. faecalis planktonic growth has 1 8 5 previously been shown to be growth limited (25) . We detected an absence of intracellular 1 8 6 iron in 15 mutants under iron limited growth (Table S5 ) suggesting that these genes govern systems for intracellular iron homeostasis (37, 38) . EET can function by both direct electron 2 1 7 transfer (DET), which involves outer membrane c-type cytochromes (39) and mediated 2 1 8 electron transfer (MET), which avails of microbially produced redox mediators (40-43). Our 2 1 9 data indicate that genes involved in energy production, redox control, and membrane 2 2 0 transport contributed to iron-augmented biofilm formation (Table S2 ). We also observed iron 2 2 1 deposits in the biofilm matrix that surrounds the bacterial cell surfaces of iron-enhanced 2 2 2 biofilm ( Fig. 2d , e, f, k, m). We therefore hypothesized that the extracellular iron associated when oxidized iron was in its environment in real-time. Additionally, this electrochemical 2 3 5 technique measures the integral of current over time, i.e., the charge transferred to the 2 3 6 electrode over time (35) . Chronocoulometry is commonly used to measure the electron 2 3 7 transfer process in redox systems (35, 44) . In whole cell bioelectrochemical systems, 2 3 8 chronocoulometry is preferred over chronoamperometry to provide a quantitative measure of 2 3 9 charge transfer (45). Chronocoulometry was previously used to measure MET in 2 4 0 Pseudomonas aeruginosa (42). We observed that E. faecalis biofilms grew on the carbon 2 4 1 electrode (Fig S5a, b ) and generated extracellular current in iron supplemented medium, 2 4 2 while all abiotic media controls and E. faecalis biofilms grown in normal medium did not 2 4 3 yield a current ( Fig. 4a ). Moreover, extracellular current generation was specific to the 2 4 4 addition of iron, because we observed no current upon the addition the other biofilm-2 4 5 augmenting metals magnesium, manganese, or heme ( Fig. S5c ). We then tested the six 2 4 6 mutants identified through the transposon screen for the generation of extracellular current in 2 4 7 the supplemented medium. Two of the six mutants displayed significantly reduced current as 2 4 8 compared to the parental strain. These mutants contained transposon insertions in the genes 2 4 9 ldh1 and OG1RF_11340 suggesting that l-lactate dehydrogenase and acetaldehyde 2 5 0 dehydrogenase were involved in extracellular electron transfer in E. faecalis. Complementation studies could not be performed because all attempts to clone ldh or adh on 2 5 2 a plasmid in trans resulted in an accumulation of mutations preventing the expression of the gene product, presumably due to cytotoxic effects of heterologous metabolic enzyme 2 5 4 expression in E. coli. To validate that extracellular iron was required as either an electron 2 5 5 acceptor (DET) or electron mediator/shuttle (MET), we spiked the electrochemical cell with 2 5 6 the chelator 2,2 dipyridyl to sequester iron. In the presence of iron chelation, we observed a 2 5 7 significant reduction in current ( Fig. 4b ), demonstrating that extracellular iron was 2 5 8 instrumental to the process of EET. Taken together, our results establish a model for E. faecalis biofilm metabolism where EET 2 6 0 using biofilm matrix associated iron supports biofilm growth ( Fig. 5 ). We propose that in the 2 6 1 absence of heme, as was the condition in this study, where cytochrome bd would be non- can be used as substrates by l-lactate dehydrogenase (LHD) and acetaldehyde dehydrogenase 2 6 4 (ADH) to generate a modification of the electron transport chain. We suggest that these 2 6 5 dehydrogenases may act as electron donors transferring electrons to the cytoplasmic 2 6 6 membrane quinone (dimethyl menaquinone) pool and ultimately use iron in the biofilm 2 6 7 matrix to carry out EET. In this study, we characterize a new form of E. faecalis metabolism where EET utilising iron (20, 21). E. faecalis is a significant opportunistic pathogen and biofilm development 2 7 5 strengthens its tolerance to antimicrobial therapies and immune clearance (7-10).
7 6
Enterococcal metabolic versatility supports its survival in diverse and complex environments 2 7 7 and communities, thus increasing the possibility of dissemination to new niches when iron is 2 7 8 present (47). Communities within biofilm are dependent on nutrient and oxygen gradients, Our findings demonstrate that E. faecalis is electroactive and can utilize EET using iron in 2 8 3 the biofilm matrix, via either DET or MET, to enhance biofilm growth. In our model, 2 8 4 glycolysis and fermentation proceed prior to EET-dependent respiration to generate the end- mechanism where extracellular iron can be reduced and become an iron sink for electrons of 2 8 7 the respiratory electron transport chain. Part of this reduced iron is then reoxidized at the 2 8 8 electrode, serving as an electron mediator/shuttle. While further studies are needed to resolve 2 8 9 the details of the EET mechanism to iron and to the electrode, these findings extend the understanding of possible mechanisms governing colonization and persistence in host niches.
9 4
Previous studies have demonstrated cell surface-associated oxidation/reduction potential and 2 9 5 capacity to utilize exogenously added soluble redox mediators in some Gram-positive 2 9 6 bacteria (48, 49). By contrast, we use chronocoulometry to quantify iron-related metabolism 2 9 7 in real time, as seen by the sustained generation of an electron flow by the biofilm, leading to 2 9 8 augmented biofilm growth. Chronocoulometry quantifies charge transfer at the electrode 2 9 9
surface and as such can only detect extracellular iron reduction. In addition, terminal electron acceptor when exogenous sources of its co-factor heme are available (11, 3 0 9 52). E. faecalis does not synthesise porphyrin and in the absence of heme relies on 3 1 0 fermentation. Our experimental assays mimic the absence of heme as this is absent from the 3 1 1 growth medium. Our bioelectrochemical data suggests that E. faecalis l-lactate and suggest that, in contrast to most bacterial species that rely on the tricarboxylic acid cycle (TCA) to produce NADH, LAB instead rely on fermentation for its production (53). Fermentation therefore is a necessary metabolic phase prior to the use of EET to support biofilm metabolism. In Lactococcus lactis, a fermenting LAB strain, activation of respiration 3 1 9 metabolism in the absence of heme and oxygen reduction occurs by copper reduction via the 3 2 0 menaquinone pool (54). This supports our finding that extracellular iron functioning as a 3 2 1 electron acceptor and/or mediator can activate respiration metabolism in the absence of heme 3 2 2 and cytochrome bd activity. Our biofilm data demonstrates an iron-specific E. faecalis enhanced biofilm growth response, Fe 2 (SO 4 ) 3 are more labile to oxidative changes and precipitation, required for DET-driven 3 2 7 iron reduction, than the more soluble ferric citrate which does not enhance biofilm growth. While flow cell biofilm generated enhanced growth at 0.2 mM FeCl 3 , the static biofilm 3 2 9 assays only detected enhanced growth from 0.5 to 2 mM FeCl 3 supplementation. iron is an essential growth nutrient and requires strict iron homeostasis (55). Nonetheless, our suggests these gene products function in iron acquisition. Previous transcriptomic studies While the intracellular iron levels in the iron supplemented medium was greater than that of 3 4 8 the normal condition, no iron transport systems could be identified under these conditions. The absence of detectable transport systems by ICP-MS and the presence of extracellular 3 5 0 electron dense deposits in our TEM data suggests that our model of EET would favour DET 3 5 1 rather than MET. However, overlapping functionality in nutrient transport is a common 3 5 2 strategy for bacteria so single gene mutations may not be sufficient in this condition. where this metal can be deposited extracellularly. Colonization and persistence in host niches require adaptability in the exploitation of will enhance approaches to modify or eradicate these reservoirs. under static conditions. E. faecalis SD234 is an OG1RF strain derivative harbouring a was supplied by Oxoid Inc., Ontario, Canada. Metals for supplementation were added during 3 7 4 medium preparation. These metals and the chelator 2,2'dipyridyl were supplied by Sigma Biofilm Assay. Bacterial cultures were normalized as described above and inoculated at 1.6- conditions. Uninoculated media controls with metals supplemented to the highest 3 8 0 concentration relevant to the assay were included to check for supplemented metal 3 8 1 precipitation. Supernatants were discarded and the microtitre plate washed twice with PBS. This solution was discarded and the microtitre plate washed twice with PBS followed by Flow Cell Biofilm Assay. Flow cell biofilm studies were performed as previously described 3 9 0 with minor modifications (61). Bacterial cultures were normalized to 2-4x10 6 CFU/ml in PBS one hour to facilitate bacterial adherence to the glass slide surface. The flow cell system was 3 9 5 then reset, unclamped, and the medium feed was set to 4.5 ml/hr. wild type controls were then validated using two independent biological replicates for each 4 0 8 mutant in TSBG biofilm assays. This primary validation was followed by a planktonic 4 0 9 growth validation in TSBG and TSBG medium supplemented with 2 mM FeCl 3 . A secondary 4 1 0 validation using three independent biological replicates for each mutant was performed in Purification Kit (Promega) from transposon mutants that were not originally mapped. The were named to include library location information, gene name or intergenic information, in an electrochemical cell of 9 ml working volume sealed with a Teflon cap.
2 8
Chronocoulometry was used to characterize the electrochemical activity of live microbial acceptor, the extracellular current generated can be tracked with time, the integral of which for electrochemical experiments were prepared as described above, and electrochemical cells 4 3 8 inoculated to 2-4x10 5 CFU/ml. All electrochemical experiments were conducted at 37 o C 4 3 9
using TSBG medium supplemented with 2 mM FeCl 3 unless otherwise stated. The iron Inc., Redding, CA, USA) for 1 hr. Following several rinses in dH 2 O, samples were Energy-dispersive X-ray spectroscopy (EDS) TEM 4 5 6 Samples were prepared as described above for TEM and viewed on an aberration-corrected coordinates were filtered in R (64). To visualize the biofilm matrix and spatial organization 4 8 0 coordinates were plotted as spheres with cell-size diameter and color coded Z-depth. For statistical analysis, 10 metals were measured for 22 phenotypes (E. faecalis OG1RF wild 5 0 7 type and 21 mutants) in three nutrient conditions, with 3 biological replicates for each mutant 5 0 8 and in each condition. During the ICP-MS run, 3 technical replicates were measured from 5 0 9 each sample, which were then averaged and used for statistical analysis. The concentration of 5 1 0 2 5 the metals in a blank control (500 µl of 69% nitric acid and 250 µl of 31% hydrogen 5 1 1 peroxide) was subtracted from the concentration of metals in the samples. Metals whose 5 1 2 levels were below the detection limit were coded as not detected. For statistical analysis, 5 1 3 metal concentrations were normalized using log base 10 transformation. To test differences 5 1 4 between the metal levels in mutants and the control in each nutrient condition, Welch's two 5 1 5 sample t-tests were performed in R using the t.test function, with correction for multiple 5 1 6 comparisons made using the Benjamini-Hochberg procedure. are separately presented, rather than being pooled, for greater clarity. 
